Abstract Differences in the number of functionally and/ or phenotypically defined bone marrow cells in inbred mouse strains have been exploited to map quantitative trait loci (QTL) that determine the variation in cell frequency. To extend this approach to the differences in the stem/ progenitor cell compartment in CBA/H and C57BL/6 mice, we have exploited the resolution of flow cytometry and the power of QTL analyses in 124 F 2 mice to analyze lineagenegative (Lin -) bone marrow cells according to the intensity of labeling with Sca-1 and c-Kit. In the Lin -Sca-1 + cKit + enriched population, six QTL were identified: one significant and five suggestive. Whereas previous in vitro clonogenic, LTC-IC, day 35 CAFC, and flow cytometry each identified different QTL, our approach identified the same or very similar QTL at all three loci (chromosomes 1, 17, and 18) as well as QTL on chromosomes 6 and 10. In silico analyses implicate hematopoietic stem cell homing involving Cxcr4 and Cxcl12 as being the determining pathway. The mapping of the same or very similar QTL in independent studies using different assay(s) suggests a common genetic determinant, and thus reinforces the biological and genetic significance of the QTL. These data also suggest that mouse bone marrow cell subpopulations can be functionally, phenotypically, and genetically defined.
Introduction
The regulation of hemopoiesis relies on the proliferation and/or differentiation of bone marrow stem and progenitor cells which have been functionally defined using either in vitro clonogenic assays or in vivo repopulation assays in engrafted mice. Significant differences in normal hematopoiesis between inbred mouse strains have been reported, and these differences have enabled genetic studies to identify quantitative trait loci (QTL) that regulate these differences. For example, QTL that determine stem cell numbers (De Haan and Van Zant 1997 , 2000 Henckaerts et al. 2002 Henckaerts et al. , 2004 Morrison et al. 1997 Morrison et al. , 2002 Muller-Sieburg and Riblet 1996) , the frequency of progenitor cells, and the relative proportion of mature blood red, T, and B cells (Chen and Harrison 2002; Jawad et al. 2007a; Morrison et al. 2002; Peters et al. 2006; Valdar et al. 2006; van Os et al. 2006 ) have been identified. In a landmark study, the gene underlying one of these QTL has recently been identified as latexin (Liang et al. 2007) . Despite the hierarchical nature of hemopoiesis, there is little overlap in QTL that determine the frequencies of stem, progenitor, and mature hemopoietic cells, suggesting that functionally defined mouse bone marrow cells can also be genetically defined.
In vitro bone marrow stem and immature progenitor cell assays are based on stroma-dependent long-term bone marrow cultures. The long-term culture-initiating cell (LTC-IC) and cobblestone area forming cells (day 35 CAFC) have been shown to be related to the bone marrow repopulating stem cell in BXD RI mice ( Breems et al. 1994; Muller-Sieburg and Riblet 1996; Petzer et al. 1996; Ploemacher et al. 1991; Sutherland et al. 1990 ). As described in Table 1 , the initial study using LTC-IC identified QTL on chromosome 1 (Muller-Sieburg and Riblet 1996) and, although this was missed in an initial day 35 CAFC study (QTL on chromosome 18 only; de Haan and Van Zant, 1997) , a more recent day 35 CAFC study identified both QTL on chromosomes 1 and 18 (Geiger et al. 2001 ).
Stem and progenitor cells have also been phenotypically defined according to the expression of specific cell surface antigens such as Sca-1 (Ly6A/E), Thy-1, c-Kit, CD34, and Flk-2 (Christensen and Weissman 2001; Morrison et al. 1995 Morrison et al. , 1997 Okada et al. 1992; Spangrude and Brooks 1992 ( Osawa et al. 1996; Uchida and Weissman 1992) . The QTL that determine the frequencies of LTC-IC and CAFC day 35 are also unrelated to the (C57BL/Ka-Thy-1.1 9 AKR/J)F 2 chromosome 17 QTL that determine the frequency of Lin -Thy-1.1 lo Sca-1 + cKit + cells analyzed directly by flow cytometry (Morrison et al. 2002;  Table 1 ). This suggests that the assays may be examining different cells within the stem/progenitor cell compartment or, in the case of in vitro long-term assays, differences in their ability to produce colonies in vitro.
Although the evidence suggests that functionally defined bone marrow stem and progenitor cells can also be both phenotypically and genetically defined, the genetic relationship between apparently similar phenotypes is confused. Morrison et al. 2002; Muller-Sieburg and Riblet 1996) . This direct analysis by flow cytometry together with a genome-wide screen in F 2 mice provides supportive evidence that functionally defined bone marrow cell subpopulations are also both phenotypically and genetically defined.
Materials and methods

Mice
CBA/H mice were from the Harwell colony, and C57BL/6, DBA/2 mice were from Harlan UK Limited. (CBA/ H 9 C57BL/6)F 1 and F 2 mice were bred in Leicester. The animal studies were carried out under guidance issued by the MRC in ''Responsibility in the use of animals for medical research'' (July 1993) and Home Office Project licenses No. PPL 80\1565 and 80\1564.
Flow cytometry analysis and isolation of primitive hematopoietic progenitors
Bone marrow was flushed from the femurs of 8-12-weekold mice and depleted of lineage positive (Lin + ) cells using streptavidin-conjugated magnetic beads (Qiagen, Northampton, UK) and a panel of biotinylated anti-CD3e, CD11b, CD45R, Ly-6G and Ly-6C, and TER-119 antibodies. Lin -bone marrow cells were counted (Scharfe System Casey 1 machine) and then labeled with R-phycoerythrin-(R-PE) conjugated anti-mouse c-Kit and fluorescein isothiocyanate-(FITC) conjugated anti-Sca-1 or appropriate isotype controls. All antibodies were from Becton Dickinson-Pharmingen (Oxford, UK). The whole cell population acquisition and analysis was performed on a two-laser FACScalibur (Becton Dickinson) and data were analyzed using Cellquest software. Individual mice were analyzed. Background, autofluorescence, and nonspecific antibody labeling were determined using unlabeled bone marrow cells, bone marrow cells labeled with appropriate rat IgG2 isotype controls, or single labeling with specific FITC Sca-1 or R-PE c-Kit antibodies.
Genetic analysis
Lin
-bone marrow cells from 124 F 2 mice were analyzed for Sca-1 and c-Kit expression by flow cytometry. If necessary, quantitative data from the flow cytometer were normalized (by square-root transformation) for QTL analysis. DNA prepared from the tails of the F 2 mice was genotyped using 126 polymorphic microsatellite markers as previously described (Boulton et al. 2003 ) in a genomewide screen at approximately 20-cM intervals. The genotype and phenotype data for each of the 124 F 2 mice were analyzed by composite interval mapping using QTL Cartographer (Wang et al. 2001 (Wang et al. -2004 . Significance linkage levels were calculated by permuting the data 10,000 times and interpreted as determined by Lander and Kruglyak (1995) . The calculated thresholds showed little variation between phenotypes; for L -S + K + they were: suggestive linkage LOD [ 2.5, significant linkage LOD [ 3.5, and highly significant linkage LOD [ 5.8. Ninety-five percent confidence intervals were based on 1-LOD support intervals (Lynch and Walsh 1998) . QTL positions and effect sizes were estimated using multiple-interval mapping. Megabase positions were based on genome build NCBI m36.
The three quantitative traits for which QTL were found are highly correlated (R1 vs. Lin -, Sca-1
, as expected, so no adjustment of significance thresholds was used.
In silico analysis
Candidate genes in the QTL were assessed against four criteria. First, we interrogated the GeneNetwork database (www.genenetwork.org) for genes showing cis regulation of expression in the QTL (Bystrykh et al. 2005; Liang et al. 2007 ) using data from the GNF hematopoietic cells on Affymetrix microarray U74Av2 for the BXD cross. Second, we searched the GNF SymAtlas (http://www. symatlas.gnf.org/SymAtlas/) for genes showing bone marrow expression greater than threefold the tissue median, which again uses data from Affymetrix U74 arrays (Su et al. 2004 ). Third, we searched the Mouse Genome Database for genes with mutants known to have hematopoietic phenotypes (Eppig et al. 2005) . Fourth, the strain distribution patterns of SNPs across the loci were compared for the strains in the cross [data from Scripps Florida Mouse Database and Wellcome Trust Centre for Human Genetics (Cervino et al. 2006; Valdar et al. 2006) ] to identify chromosomal regions of divergent ancestry.
Results
Parental CBA/H and C57BL/6 mice To enumerate the frequency of Lin -cells according to the intensity of Sca-1 and/or c-Kit labeling in the parental CBA/H and C57BL/6 inbred mouse strains, Lin -bone marrow cells were isolated by immunomagnetic depletion of the Lin + cells. There was no significant difference in the recovery of total nonerythroid bone marrow cells (WBMC) or Lin -cells (*3% of WBMC) from the two inbred mouse strains or the (CBA/H 9 C57BL/6)F 1 hybrid (Jawad et al. 2007a ). The Lin -cells were labeled with FITC anti-Sca-1 and PE anti-c-Kit antibodies and all cells visualized by flow cytometry.
Gating strategy was selected such that more than 98% of unlabeled Lin -bone marrow cells appeared in the 30 9 30 lower-left cytogram quadrant and therefore positive fluorescent events were classified as events in the greater-than-30-quadrant limit (Fig. 1A) . Similar results were obtained using FITC-and R-PE-conjugated isotype control antibodies (data not shown). The labeling of Lin -bone marrow cells with single R-PE c-Kit (Fig. 1B) or FITC Sca-1 antibodies (Fig. 1C) illustrates both the specificity of antibody binding and reinforces the 0-30-quadrant definition of unlabeled cells. As shown in Fig. 1A -C, there is some background and autofluorescence, but altogether, using unlabeled cells, isotype controls, and single specific antibody labeling of Lin -cells, background fluorescence outside the defined 0-30 limits on the x and y axes was estimated as less than 3%.
Lin -cells prepared from CBA/H ( Fig. 2A ), C57BL/6 (Fig. 2B) , and DBA/2 (Fig. 2C ) bone marrow labeled with both c-Kit and Sca-1 antibodies further illustrate the specificity of the flow cytometric analyses. Compared with C57BL/6, CBA/H and DBA/2 Lin -cells are enriched for a discrete subpopulation of Lin Fig. 2A and C, highlighted) and this is well above the background. For convenience, cells that fluoresce with an intensity between 30 and 10 2 are arbitrarily defined as (+), whereas those that fluoresce with an intensity greater than 10 2 are defined as (++). Thus, the cytograms can be quantitatively analyzed according to the nine areas defined by the relative fluorescence intensity (-, + or ++, Fig. 2D ) of the Sca-1 and c-Kit coordinates in addition to the gated (R1) discrete population of Lin -Sca-1 + c-Kit + cells (R1; Fig. 2D ).
As shown in Table 2 (Spangrude and Brooks 1993) . Also, the frequency of Sca-1 + cells in F 1 hybrid mice is similar to that in C57BL/6 mice, suggesting that the higher intensity of the Sca-1 + cells is determined by a dominant C57BL/6 genetic trait (data not shown). Despite the Ly-6 haplotypes, CBA/H (and DBA/2) mice have an approximately fourfold-higher frequency of the discrete L -S + K + cells than C57BL/6 mice. CBA/H mice are closely related to DBA/2 mice (Festing 1996) , and the fourfold L -S + K + cell frequency difference is the same order of Despite the observed difference in the intensity/number of Sca-1 +/++ cells between the two parental strains, there is less of a difference in the total number of Lin -Sca-1 ++ cKit ++ (upper-right quadrant in Fig. 2D ) cells between the two inbred strains, the difference is not statistically significant, and both are comparable to that observed in the F 1 hybrid (data not shown). This is due in part to the observed higher frequency of the discrete R1 L -S + K + gated population (Table 2) in CBA/H mice than in C57BL/6 mice, indicating that the reduced difference in the total number of Lin -Sca-1 ++ c-Kit ++ cells is a balance between higher Sca-1 labeling in the C57BL/6 mice and a higher frequency of the gated R1 (L -S + K + ) cells in CBA/H mice.
Genetic analysis
Lin -bone marrow cells from each of 124 (CBA/H 9 C57BL/6)F 1 intercross F 2 mice were analyzed for Sca-1 and c-Kit labeling by flow cytometry and genotyped in a genome-wide screen at approximately 20-cM intervals with 126 polymorphic microsatellite markers. Quantitative data for each mouse and FACS area (Fig. 2D) were analyzed using the QTL Cartographer program (Wang et al. 2001 (Wang et al. -2004 . Areas of the flow cytogram that revealed genetic linkage above the threshold necessary for suggestive linkage, as calculated by permuting the data (LOD = 2.5), are summarized in Table 3 (Lander and Kruglyak 1995) . Because the quantitative traits used are correlated, no correction was applied for multiple testing.
Composite interval mapping found a significant QTL on chromosome 17 that determines the frequency of doublenegative L -S -K -cells and that maps to the HLA locus (Fig. 3, Table 3 Table 3 ). The mouse Sca-1 gene maps to chromosome 15, so this result is consistent with the known Ly-6 haplotypes of the parental mouse strains (Spangrude and Brooks 1993) .
Five QTL were revealed for the discrete population of L -S + K + cells, four of which achieve the criteria of suggestive (LOD [ 2.5; chromosomes 6 and 17, 18), and one is significant (LOD 3.5, chromosome 10) ( Table 3 , Fig. 5 ). Optimization of final QTL models by multiple-interval mapping reveals an additional QTL on chromosome 1 at 62 cM (an epistatic effect with the chromosome 17 QTL) and estimates the effect sizes of the QTL as follows: chromosome 1, 4.8%; chromosome 6, 5.0% and 8.1%; chromosome 10, 10.8%; chromosome 17, 5.1%; and chromosome 18, 6.7%.
Two of the QTL map close to QTL that determine the frequency of stem cells in (BXD)RI mice using the LTC-IC (Scfr2, chromosome 1; *53 cM) (Muller-Sieburg and Riblet 1996) and day 35 CAFC (chromosome 18; 19 cM) (de Haan and Van Zant 1997) in vitro clonogenic stem cell assays (Table 1 ). The chromosome 17 QTL (HLA complex) was also revealed by flow cytometry of Lin -Thy-1 lo Sca-1 + c-Kit + (AKR/J 9 C57Bl/Ka)F 2 bone marrow cells (Morrison et al. 2002) . Interestingly, the chromosome 15 (Ly6) QTL was not revealed in the analysis of the discrete population of Lin -Sca-1 + c-Kit + cells (Table 3) . There is no evidence of a sex effect in these data; none of the traits are significantly different between males and females and introducing sex as a covariant in the QTL analysis makes little difference (data not shown).
In silico analysis
Each QTL contains many genes but in silico analyses were carried out to compile a list of candidate quantitative trait genes (QTG). To assess the specificity of our criteria we scored all protein-coding genes on mouse chromosome 2 for which no QTL were detected. Of the 1913 proteincoding genes, 2.0% show cis regulation of transcription, 4.8% have bone marrow expression more than threefold above median, and 4.1% have mutants with known hematopoietic phenotypes. Only one chromosome 2 gene (Cd44) meets all three criteria, and it also meets the fourth criterion by being in a genomic region with SNPs informative for this cross. Thus, although these criteria will miss candidate QTG, e.g., those not present on the Affymetrix U74 microarrays, they are fairly specific given that the QTL intervals each contain around 300 genes.
In the chromosome 1 QTL, only the Cxcr4 gene meets all four criteria, with no other gene meeting more than two (see Materials and methods). In the distal chromosome 6 QTL, there are two candidates that meet three criteria: Cxcl2 and Cdca3. For the chromosome 10 QTL, three genes met two of the criteria: integrin b2, thymopoietin, and Spi-C. For the chromosome 18 QTL, the candidate genes are FGF1 and desmoglein-2 (two criteria each). Direction and mode column shows the allele that increases the phenotype, i.e., the number of cells in the FACS area, together with the mode of inheritance: Add = Additive, Rec = Recessive, Dom = Dominant. Candidate loci are shown in bold, candidate genes from in silico analyses in normal font There are no candidates that meet more than one criterion for the other QTL.
Given that previous QTL have been mapped to similar regions as found in this study using different in vitro assays, our data thus provide genetic evidence for the presence of the LTC-IC and day 35 CAFC cells in the discrete population of L -S + K + cells that can be directly visualized by flow cytometry irrespective of the Ly-6 haplotype of the parental mouse strains. In addition to being phenotypically defined (Lin -Sca-1 + c-Kit + ), the genetic evidence are strong supportive evidence that they are enriched for functionally defined stem cells.
Discussion
We have combined the power of mouse genetics with the discrimination of flow cytometry to map QTL that control the frequency of specific subpopulations of lineage-negative bone marrow cells separated according to c-Kit and/or Sca-1 labeling and that can be directly visualized irrespective of the Ly-6 haplotype. The QTL on chromosomes 1 (62 cM) and 18 (13.1 cM) that determine the frequency of a discrete population of L -S + K + (R1) cells are the same or very similar to the QTL that regulate the frequency of LTC-IC (*50 cM; p = 0.0007) (Muller-Sieburg and Riblet 1996) , and day 35 CAFC (19 cM; LOD = 3.3) (de Haan and Van Zant 1997) cells in BXD RI mice, respectively. A third significant QTL (chromosome 17) has previously been implicated in the frequency of Thy-1 lo Sca-1 + c-Kit + cells (Morrison et al. 2002) and contains the mouse H-2 complex, including the Class I MHC alleles. It is unclear whether the same gene(s) within the MHC complex determine the frequency of Thy-1 lo Sca-1 + c-Kit (Tables 1 and 3 ) (Morrison et al. 2002) .
Genetic loci that confer a susceptibility to spontaneous or induced hemopoietic malignancies have also been mapped in mice, and differences in the relative frequency of the target cell (target size) may be one genetically determined risk factor (recently reviewed by Jawad et al. 2007b) . For example, QTL that determine the susceptibility to spontaneous pre-B and T lymphomas were both mapped to proximal chromosome 17 (Yamada et al. 1994a, b) ; this implicates the H-2 complex in both the regulation of bone marrow stem and progenitor cell frequencies and the susceptibility to spontaneous lymphoid lymphomas. Similarly, a susceptibility to pristane-induced plasmacytoma QTL has been mapped to a position on chromosome 1 (54 cM) (Mock et al. 1993 ) that is very similar to QTL that determine the frequency of L -S + K + cells (*65 cM; Table 3 ), the frequency of bone marrow LTC-IC cells (*50 cM) (Muller-Sieburg and Riblet 1996) , and the relative proportion of B220 B lymphocytes in mouse peripheral blood (Pbbcp1; 62-64 cM) (Chen and Harrison 2002) . Similarly, a QTL that confers a susceptibility to radiation-induced AML was mapped to distal chromosome 1 (*100 cM; Boulton et al. 2003; Jawad et al. 2006) , a position that is very similar to the Scfr1 locus (*100 cM) that also determines the frequency of LTC-IC bone marrow cells (Muller-Sieburg and Riblet 1996) . However, the distal chromosome 1 LTC-IC QTL was not revealed in this study, suggesting that the colonies in the LTC-IC clonogenic assay are phenotypically heterogeneous.
The largest-effect L -S + K + cell QTL detected in this study, which is on chromosome 10, may overlap with the suggestive L -S + K + cell QTL found in van Os et al. (2006) (32.4-50.4 cM compared with the van Os peak between 51 and 70 cM). In addition, the distal chromosome 6 QTL has a similar location to the other suggestive QTL found in that study (45.9-56 .0 cM compared with the van Os peak at 51 cM).
Identifying candidate genes is unreliable, with the large intervals found in QTL studies, but can be aided by in silico analysis (Flint et al. 2005) . The only gene that met all of our criteria was Cxcr4 on chromosome 1. This gene encodes a CXC cytokine receptor that is essential for the homing of hematopoietic stem cells (HSC) to the vascular stem cell niche of the bone marrow (Burger and Burkle 2007) . The fact that candidate genes for the other QTL include Cxcl12, which is the ligand for CXCR4 and Itgb2, an integrin involved in HSC homing to the periphery (Chavakis et al. 2005) , leads to the tempting hypothesis that genetic variation in a common HSC homing pathway may be important in determining stem cell numbers. This hypothesis must remain tentative, however, until confirmatory laboratory experiments have been carried out. The genetic intervals mapped in these studies are large, and the possibility that multiple QTL map to the same interval cannot be excluded. The mapping of the same or very similar QTL in independent studies using different assay(s), biological endpoints, and/or different inbred mouse strains increases the biological and genetic significance of that QTL. Of all the L -S + K + cell QTL we mapped (Table 3) on a CBA/H 9 C57BL/6 genetic background, the same or very similar QTL on chromosomes 1, 17, and 18 have been previously described in independent studies of mouse stem/progenitor cell frequency using different assays and different genetic backgrounds (BXD RI and [C57BL/Ka-Thy-1.1 9 AKR/J]F 2 ) ( 
